The goals of neurocritical care are to resolve primary causes, minimize secondary insults and maximize patient recovery. Concepts such as intracranial pressure (ICP), cerebral perfusion pressure (CPP) and cerebral blood flow have been long applied in neurocritical care; however, patient care involving these concepts alone is not satisfactory. Recently, new developments have allowed integrative physiological and biochemical data to be acquired and analyzed using multimodality monitoring with invasive devices. In addition, newly developed parameters have contributed to improvement in clinical outcomes in neurocritical patients. Beyond the indiscriminate application of threshold values for ICP and CPP in all patients, precision care can be provided by finding the optimal values of parameters and adjusting treatment for each patient in a particular time period. Here, we introduce representative parameters including the pressure reactivity index (PRx) for evaluating the status of cerebral autoregulation and optimal CPP (CPP opt ) and the correlation between the amplitude of ICP and the mean ICP (RAP) for assessing the pressure-volume compensatory reserve. Additionally, we present a bedside software and monitoring system that we recently developed for analyzing these parameters.
INTRODUCTION
Practice and knowledge in the field of neurocritical care have rapidly progressed. Physicians have managed neurocritical patients for a long time based on methods with a low level of evidence and their experience. However, neurointensivists currently care for patients by integrating methods with a higher level of evidence, new devices and parameters and by determining optimal values of physiological and biochemical parameters in each individual patient. We tried to introduce significant parameters for the pressure reactivity index (PRx) and the correlation between the pulse amplitude of intracranial pressure (ICP) and the mean ICP (RAP) with a new bedside monitoring system that they developed recently.
HISTORICAL PERSPECTIVE
Neurocritical care seems to have begun from the time point when the concept of ICP was formed. The existence of ICP was first recognized by Alexander Monro approximately 200 years ago. The Monro-Kellie hypothesis or doctrine suggests that the brain, cerebrospinal fluid (CSF) and blood maintain the balance of ICP within a nonexpandable skull 1) . When a space-occupying lesion develops, CSF and venous blood decrease, and ICP is controlled within the normal range of pressure. However, when the volume of a new lesion is beyond the compensatory capacity, ICP abruptly increases followed by a decrease in cerebral perfusion pressure (CPP) and cerebral blood flow (CBF) and ultimately brain herniation. Harvey Cushing developed the modern field of neurocritical care. He reported a research paper on the association among ICP, systemic arterial pressure and respiration in 1901 2) . Saline-induced increases in ICP corresponds to increases in systemic arterial blood pressure and respiratory depression. Based on the previous research, the 'Cushing reflex' was defined. In the 1960s, Nil Lundberg began directly measuring ICP by inserting a ventricular catheter and reported normal and pathologic waveforms of ICP 3) . Thereafter, ICP measurement was applied in the clinical setting for treating neurocritical patients. ICP control is most important goal of neurocritical care, especially in patients with traumatic brain injury. There are many guidelines for the care of neurocritical patients, among which the guidelines from the Brain Trauma Foundation are the most well described in detail However, physicians have felt that these thresholds are inappropriate in some patients and insufficient in improving clinical outcomes. Recently, in 2012, a randomized controlled trial was conducted in South America that compared the survival rates of patients with traumatic brain injury between an ICP monitoring group (maintaining ICP below 20 mmHg) and another group of patients who were monitored with imaging and clinical examinations 7) . The study failed to show the superiority of ICP monitoring compared with the other group. Some questions still exist including the followings: (1) Are ICP and CPP sufficient for saving the brain? (2) Are the thresholds for ICP and CPP truly absolute for all patients? (3) Are ICP values that are measured truly exact measurements?
From these questions regarding the usefulness of ICP and CPP values, new physiological and biochemical parameters have been developed. In addition to ICP, CPP and CBF, data regarding brain oxygenation, glucose metabolism, neuronal electrical activity, brain water content, etc., are simultaneously collected and used for evaluating brain conditions and modulating appropriate treatment in each patient in a technique called 'multimodality monitoring' 8) . Multimodality monitoring is applied in limited medical institutions all over the world; however, this technique is expected to become popular in Korea in the near future.
CEREBRAL AUTOREGULATION AND ITS MEASUREMENT
The existence of cerebral autoregulation was established by Danish physicians in the 1970s 9) . Cerebral autoregulation works between a mean arterial blood pressure (MAP) of 50 and 150 mmHg, and CBF is steadily maintained within the range of 45-50 mL/100 g/min by automatic regulation of vessel diameters. Thereafter, in 1997, a Cambridge group of physicians reported a new parameter that was able to indirectly measure the functional status of cerebral autoregulation, namely, the "pressure reactivity index (PRx)" 10) . The PRx is the correlation coefficient between MAP and ICP. When cerebral autoregulation is impaired, increases in ICP lead to subsequent increases in MAP and cerebral blood volume in order to maintain CBF, and a vicious cycle without any regulations can form. In this situation, MAP and ICP are positively proportional, and the PRx increases. When cerebral autoregulation is preserved, increases in ICP are buffered by vasoconstriction and outflow of CSF and venous blood, resulting in limited increases in MAP. Thus, the slope between MAP and ICP becomes smoother, and the PRx decreases (Fig. 1) . In real clinical situations, a group with lower PRx values showed more favorable outcomes than a group with higher values 10) . Although there are some differences in standard PRx values among reports, PRx values higher than 0.2 -0.3 are generally considered to indicate impaired cerebral autoregulation.
www.e-jnic.org . When the PRx is at the lowest value, cerebral autoregulation is considered to be at its best, and CPP at this PRx value is also the best. Actually, when CPP is controlled as close to CPP opt as possible, clinical outcomes are better. Thus, the most appropriate CPP is not within the absolute range of CPP = 50 -70 mmHg, as recommended in some guidelines, and the best CPP can be different under different conditions in each patient (Fig. 2) . Some institutions have developed bedside software and monitoring systems for acquiring real time PRx and CPP opt measurements. Among them, the ICM+ software® (Cambridge, UK) and monitoring system from the Cambridge group is the most popular. Recently, we also developed a prototype of a Korean version of a software monitoring system.
PRESSURE-VOLUME COMPENSATORY RESERVE AND RAP
The Cambridge group also demonstrated a new parameter for evaluating the pressure-volume compensatory reserve in 2004 12) . After gathering ICP data for a fixed time interval and distributing the ICP waveforms according to the frequency, waveforms are divided into 3 components: slow waves less than 2 . Concept of CPP opt . When the PRx is the lowest, cerebral autoregulatory function is considered to be the best, and CPP at the lowest PRx is defined as CPP opt (This is modified from reference 11). CPP, cerebral perfusion pressure; CPP opt , optimal CPP; PRx, pressure reactivity index.
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0.1 Hz, respiratory waves between 0.2 and 0.3 Hz, and pulse waves higher than 1 Hz generated by heart rate. Among them, the first pulse wave with the highest amplitude is detected at approximately 1 Hz, and the pulse amplitude of ICP (AMP) is defined as the amplitude of the first pulse wave. Then, the correlation coefficient between AMP and mean ICP is defined as RAP. When the value of RAP is closer to 0, the pressure-volume compensatory reserve is considered to be good; when the value of RAP becomes closer to 1, the pressurevolume compensatory reserve is considered to be poor; and when the value of RAP becomes negative, brain function is thought to have shut down (Fig. 3) . As intracranial volume increases and ICP begins to increase beyond the reserve capacity, AMP subsequently increases, and RAP ultimately increases; however, when ICP is constantly maintained with the aid of the compensatory reserve, AMP decreases and the value of RAP becomes closer to 0. RAP and the PRx are thought to be useful parameters for evaluating brain condition and modulating the types and intensity of treatment. As mentioned above, a bedside monitoring system developed by our group can display both of these features (Fig. 4) .
CONCLUSION
The era is declining in which neurocritical patients are managed based on methods with a low level of evidence and the uniform criteria of conventional parameters. Recently, neurocritical care is performed based on personalized data and new parameters obtained from multimodality monitoring. Representative parameters include the PRx, CPP opt , and RAP. As newly developed devices and data are applied to manage these patients, their final outcomes are expected to improve, and we can save more patients.
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